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INTRODUCTION 


There  Is  currently  a great  interest  in  the.  mechanisms  by  which 
intense  electromagnetic  radiation  interacts  with  plasmas.  A major  impetus 
for  this  interest  has  been  the  laser-pellet  fusion  program.  The  process 
whereby  the  incident  electromagnetic  wave  gives  up  energy  to  the  plasma 
can  be  much  more  complex  than  simple  binary  collisional  damping  by  electron- 
ion  collisions. 

Even  for  relatively  weak  electromagnetic  fields,  the  electrons 

acquire  a quiver  velocity  which  can  be  a few  percent  of  their  thermal  velocity. 

The  resulting  charge  separation  can  supply  an  energy  source  for  instability. 

The  long  wavelength  driving  electric  field  can  provide,  for  example,  a 

coupling  between  electron  plasma  oscillations  and  ion  acoustic  waves  of  the 

same  wavenumber,  and  they  may  grow  together  with  the  energy  supplied  by  the 

external  field.  These  waves,  in  general,  have  much  larger  wavenumbers 

(slower  phase  velocities)  and  are  subject  to  much  larger  Landau  damping  than 

the  pump  wave,  leading  to  so-called  anomalous  absorption.  Therefore,  the 

conversion  of  laser  radiation  energy  to  plasma  heat  occurs  through  classical 

inverse  bremsstrahlung,  augmented  by  resonant  absorption  and  parametric  decay 

processes  at  the  critical  layer  (o)q  = oo^)  and  the  quarter-critical  layer 

(co  = 2u  ) . Both  computer  simulations  and  microwave  experiments  have  shown 
o p 

that  these  parametric  processes  can  produce  large  tail  heating  of  the  electron 
distribution.  These  suprathermal  electrons  can  penetrate  the  core  of  the  cold 
DT  pellet  making  compression  of  the  pellet  much  more  difficult  (preheat).  A 
related  problem  is  that  fast  electrons  do  not  efficiently  couple  their  energy 
into  the  outer  layers  of  the  pellet,  thereby  reducing  the  compression  (decoupling) 
Absorption  at  the  resonance  layer  can  also  lead  to  caviton  formation  and  pro- 
file modifications.  Fast  ions  can  also  b^  generated  during  anomalot.1  absorption 
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processes  and  have  accounted  for  as  much  as  80%  of  the  absorbed  laser  light 
in  some  experiments.  The  production  of  fast  ions  therefore  constitutes  a 
serious  loss  mechanism  for  irradiated  pellets.  In  addition  to  the  decay 
instabilities,  the.  backscattering  parametric  instabilities — stimulated 
Brillouin  scattering  (SBS) , stimulated  Raman  scattering  (SRS) , and  stimulated 
Compton  (SCS) — can  occur  in  the  underdense  region  outside  the  critical 
layers,  preventing  efficient  absorption  of  laser  light.  The  backscattered 
light  in  target  experiments  has  ranged  from  10%  to  50%  of  the  incident 
intensity. 

Direct  comparison  between  theoretical  predictions  and  laser-pellet 
experiments  is  hindered  by  the  small  size  and  short  time  scale  of  these 
experiments.  Therefore,  we  have  chosen  to  perform  experimental  simulations 
in  larger,  less  dense  plasmas  in  order  to  elucidate  those  processes  of 
importance  to  laser-fusion.  We  will  discuss  two  examples  of  such  experimental 
simulations  which  were  performed  in  our  laboratory.  In  the  first  experiment, 
the  proposed  control  of  parametric  instability  produced  suprathermal  electrons 
has  been  investigated  using  high  power  microwaves  in  a large,  tenuous  plasma. 
The  second  experiment  to  be  discussed  involves  the  study  of  the  reflective 
instability  using  an  underdense  plasma  irradiated  by  a CO^  laser. 

A third  experiment,  recently  underway,  is  the  study  of  self-focussing 
instabilities  in  plasmas  using  both  far-infrared  lasers  and  pulsed  microwave 
sources. 

II.  Parametric  Instability  Control  Using  Finite-Bandwidth  Pumps 

As  mentioned  earlier,  the  absorptive  instabilities1  (parametric  decay 
and  oscillating  two-stream)  can  produce  nonthermal,  hot  electrons  which  can 
prevent  the  successful  realization  of  laser-pellet  fusion.  The  hot  electrons 
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Fig.  1 Illustration  of  finite  bandwidth  pump  control  of  parametric 
instabilities.  (a)  The  narrowband  threshold  curve  is  indicated  as 
a function  of  pump  center  frequency.  (b)  The  power  spectrum  of  a 
broadband  pump  is  shown  with  the  "effective"  power  indicated  by  the 
cross-hatched  region. 
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treatment  of  the  actual  conditions  with  pump  depletion,  mode  coupling, 
plasma  inhomogenities , finite  interaction  length,  etc.  is  quite  difficult. 

We  have  therefore  chosen  to  investigate  the  problem  experimentally  in 
the  microwave  region. 

An  additional  motivation  for  undertaking  a microwave  experimental 
simulation  of  the  effects  of  finite  bandwidth  was  the  results  of  the  experiment 
by  Yamanaka  et  al11.  In  this  work,  the  plasma  heating  due  to  both  a broad- 
band laser  (Nd-glass  oscillator)  and  a narrowband  laser  (YAG  oscillator)  was 
studied.  In  consrast  to  theory3-9  it  was  found  that  the  broadband  laser  was 
more  effective  in  heating  the  plasma.  This  result  was  attributed  to  the 
double  pump  resonance  effect  discussed  by  Arnush  et  al12.  They  find  that  two 
pumps  can,  under  certain  conditions,  reduce  the  threshold  for  both  the 
parametric  decay  and  the  oscillating  two-stream  instabilities. 

In  order  to  resolve  such  questions,  as  discussed  above,  we  designed 

two  microwave  experiments.  In  the  first  experiment,  the  instability  was 

excited  electrostatically  be  means  of  an  rf  excited  gridded  capacitor  plate 

10  -3 

structure  immersed  in  a low  density  plasma  (n^  =10  cm  ) . In  this  relatively 
low  power  experiment  (P  < P ^) , we  examined  the  effects  of  finite  bandwidth 
on  the  threshold  and  growth  rate  of  the  instability  produced  Langmuir  and 
ion  acoustic  waves.  In  the  second  experiment,  the  parametric  instability  was 
excited  by  freely  propagating  microwave  radiation  launched  by  means  of  a 


gridded  waveguide  horn  into  a near  critical  density  plasma.  For  these  latter  studies. 


sufficient  power  levels  were  employed  to  observe  instability  produced  fast 
electrons. 
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IIA.  Instability  Excitation  by  an  Electrostatic  Pump 

Figure  2 depicts  schematically  the  experimental  apparatus  used  in 

this  investigation.  An  unmagnetized,  electrostatically  confined 1 3 ’ 1 4 plasma 

of  100  cm  length  and  35  cm  diameter  is  produced  by  a filament  discharge  with 

argon  fill  pressures  of  0.4  mTorr.  Typical  plasma  parameters  are  electron 

temperature  KT^  = 2-3  eV,  temperature  ratio  T^/T^  - 8-10,  plasma  density 
9 -3 

n^  = (2-18)  x 10  cm  and  total  background  fluctuation  level  An/n  < 0.1%. 

The  rf  pump  is  introduced  by  means  of  a gridded  parallel-plate  capacitor 

system  (5  cm  diameter,  3 cm  spacing,  mesh  constant  = 5X  ) similar  to  that 

De 

of  Stenzel  and  Wong3''.  The  grids  produce  a slight  local  density  depression 

with  a density  gradient  of  - 2%/cm. over  several  centimeters  from  the  grids. 

Shielded  double  and  single  Langmuir  probes  are  employed  to  monitor  plasma 

parameters  and  to  defect  instahilifv  produced  plasma  waves. 

Upon  application  of  narrowband  rf  power  to  the  grids,  a well-defined 

ion  disturbance  2n  - 400  kHz)  appears  when  the  power  exceeds  a distinct 

threshold  value  and  the  frequency  is  near  the  electron  plasma  frequency 

> Wp£) • Figure  3 shows  a spectrum  analyzer  presentation  of  the  low  frequency 

spectrum  together  with  the  corresponding  high  frequency  decay  spectrum  for 

a power  level  considerably  above  threshold.  As  the  power  is  increased,  the 

spectrum  becomes  broad  and  turbulent  as  indicated  in  Figure  4.  The  observed 

value  of  the  threshold  power  together  with  frequency  matching  + $/_. ) 

and  propagation  velocity  measurements  indicate  that  the  parametric  decay 

instability  is  excited  by  the  pump.  It  should  be  noted  that  the  observed  most 

unstable  ion  wave  yields  a value  for  kX„  =0.1  which  is  smaller  than  that 

De 

predicted  by  the  homogeneous  theory  (kX^  = 0.18).  This  is  probably  due  to 
convective  losses  which  would  favor  the  excitation  of  decay  waves  with  lower 
group  velocity  (smaller  kX^) . The  growth  of  the  ion  acoustic  wave  is  shown 
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Fig.  3 Spectrum  analyzer 
traces  of  the  Langmuir 

(a)  and  ion  decay  waves 

(b)  produced  by  a narrow- 
band  pump. 
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in  Fig.  5 when  the  rf  source  is  pulsed.  The  finite  propagation  time  to  the 

probe  and  the  persistance  of  the  oscillation  after  cessation  of  rf  excitation 

agree  with  the  ion  acoustic  velocity  for  our  plasma  (C^  - 2.3  * 10^  cm/sec). 

The  resonance  width  of  the  instability,  as  determined  by  a narrow- 

band  pump,  is  typically  3%  of  the  pump  center  frequency.  Here  the  resonance 

width  is  defined  as  the  full  width  of  the  threshold  power  curve  at  the  twice- 

power  points  where  threshold  fluctuation  levels  are  defined  as  — > 0.05%. 

n 

The  resonance  width  calculated  from  uniform  plasma  theory  is  ~ 4%. 

Several  different  finite-bandwidth  pumps  were  employed  in  this 

experiment.  By  operating  in  the  microwave  region,  we  were  able  to  precisely 

control  the  pump  characteristics  and  make  detailed  comparisons  with  theory. 

In  one  scheme,  finite  bandwidth  was  produced  by  random  amplitude  modulation 

of  the  pump  using  Gauss i?.n  white  noise,  in  3 different  eppro^chj  & pump 

was  produced  whose  bandwidth  is  due  primarily  to  phase  modulation.  The  rf 

field  of  this  source  is  given  by  E(t)  = E cos  (u)  t + a(t)  where  a(t)  is  the 

o o 

particular  phase  modulation  function.  The  attendant  amplitude  modulation  was 
held  to  less  than  20%  for  the  random  phase  modulated  pumps. 

Figure  6 displays  the  observed  ion  acoustic  fluctuation  level  for  both 
a narrowband  and  a noise  amplitude  modulated  (— - - 4%)  pump.  In  each  case 
the  pump  center  frequency  was  adjusted  to  coincide  with  the  value  for  minimum 
threshold.  Here  A is  the  mean  density  fluctuation  level  in  the  frequency 
range  of  the  instability  produced  ion  waves  0.1  - 1 MHz].  A definite 
reduction  in  the  saturated  ion  fluctuation  level  is  observed  to  occur  for  the 
wideband  pump. 

The  effect  (on  the  power  required  to  obtain  various  density  fluctuation 
levels)  of  varying  the  noise  pump  bandwidth  is  presented  in  Fig.  7 where  the 
bandwidth  ~ ranges  from  essentially  zero  to  ~ 4%.  The  lowest  amplitude, 


A = 0.1%,  corresponds  to  the  threshold  level  where  the  instability  first 
appears  distinctively  above  the  background  fluctuations.  In  the  limit  Aw  » Y> 
theory3-9  predicts  that  the  threshold  power  and  pump  bandwidth  Aw  are 
linearly  related.  Over  the  range  of  power  levels  and  bandwidths  investigated, 
this  relation  was  found  to  be  approximately  satisfied  not  only  for  the 
instability  threshold  power,  but  also  for  the  power  necessary  to  achieve  a 
given  level  of  saturated  density  fluctuations.  The  straight  line  fit  to  the 
data  presented  in  Fig.  7 is  evidence  of  the  validity  of  the  theory.  The 
nonzero  intercept  of  the  lines  for  Aw  = 0 is  indicative  of  the  limitations 
of  the  theory  which  does  not  take  account  of  the  precise  interaction  of  the 
pump  at  frequencies  outside  the  resonance  region.  An  estimate  of  the  instability 
resonance  width  at  each  fluctuation  level  may  be  obtained  from  the  slope  of 
the  lines  in  Fig.  7.  Alternatively,  the  resonance  width  may  be  obtained 
directly  by  varying  the  frequency  of  the  narrow-band  pump  and  observing  the 
width  of  the  instability  curve  at  the  twice-power  points  for  a given  fluctuation 
level.  The  results  obtained  from  both  techniques  arc  compared  in  Table  1 and 
are  found  to  be  in  reasonable  agreement. 

TABLE  I.  Instability  resonance  width  Aw/2'ir 


Fluctuation 

level 

(%) 

Resonance  width3 
(MHz) 

Resonance  width^ 
(MHz) 

0.1 

25 

16 

0.2 

14 

8 

0.3 

8 

6 

aResonance  width  determined  using  narrow-band  pump, 
^Resonance  width  obtained  from  slopes  in  Fig.  7. 


Fig.  6 Saturated  ion  acoustic  fluctuation  level  for  a narrowband 

pump  (y)  and  a noise  amplitude  modulated  pump  ( O > wii.li  baudwidtu 

Aoj/u)  - 4%. 
o 


10  70  30  40 

Af  (MHz) 


Fig.  7 Pump  power  (normalized  to  the  narrowband  threshold)  required 
to  produce  a given  density  fluctuatirn  level  A an  a function  of  <_hc 
width  of  the  noise  amplitude  modulated  pump. 
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We  have  also  examined  the  effects  of  finite  bandwidth  on  the  saturated 

level  of  the  instability  as  a function  of  pump  power  and  center  frequency. 

Figure  8 shows  the  average  ion  density  fluctuation  level  A for  several  noise 

pumps  whose  bandwidth  is  due  to  noise  phase  modulation.  The  width  At.'  of 

the  noise  phase-modulated  pump  is  varied  from  ~ 0%  to  1.2%  in  Fig.  8,  while 

the  pump  power  is  increased  from  0.5  to  2 W in  0.5  W increments.  Increased 

thresholds  and  decreased  saturated  levels  are  evident  as  the  bandwidth  is 

increased  beyond  the  instability  resonance  width.  Note  that  in  this  case, 

the  bandwidth  is  due  to  a distinctively  different  mechanism  from  the  previous 

results,  where  the  pump  was  amplitude  modulated.  The  similarity  of  the 

results  for  random  amplitude  and  phase  modulated  pumps  in  the  large  bandwidth 

limit  (Ato  > Y)  is  in  agreement  with  theory. 

We  have  also  employed  another  broadband  pump  where  the  bandwidth  mechanism 

is  coherent , and  the  spectral  power  distribution  is  discrete  rather  than 

continuous.  For  the  case  of  sinusoidal  phase  modulation,  the  rf  electric 

field  is  given  by  E(t)  = E cos(cj  t + Xsinw  t)  where  a)  is  the  modulation 

o o m m 

frequency  and  X is  the  modulation  index.  The  Fourier  amplitude  spectrum  of 
this  pump  may  be  expanded  in  terms  of  Bessel  functions.  Its  spectrum  consists 
of  the  fundamental  with  amplitude  proportional  to  J^CX)  and  modulation  side- 
bands of  amplitude  J (X)  and  frequency  w = CJ  ± nti)  , where  n is  an  integer. 

n o in 

This  is  shown  in  Fig.  9 where  we  illustrate  the  possible  effects  of  using 

such  a pump  with  w > Y to  control  parametric  instabilities.  An  improper 
m 

choice  of  center  frequency  could  in  some  cases  increase  the  instability 


level. 


In  Fig.  10  we  present  the  experimental  results  where  the  sinusoidally 


Pha  se  modulated  pump  is  tuned  to  resonance  center  and  co  >>  Y.  Here  wc  plot 

m 


A (%)  A (T.I 


1 


»o  (GHz)  *0(GH») 


Fig.  8 Saturated  density  fluctuation 
level  A as  a function  of  pump  power 
and  center  frequency  for  the  noise 
phase-modulated  pump.  The  noise  band- 
width Aw/2ir  is  < 10  kHz  for  (a)  , 3 MHz 
for  (b) , 6 MHz  for  (c) , and  12  MHz  for 
(d) . Pump  power  is  varied  from  0.5  to 

2.0  W:  , 0.5  W; , 1.0W;  ---, 

1.5  W;  and  •••  , 2.0  W. 


CO 


Fig.  9 Illustration  of  the  effects 
of  a sinusoidally  phase  modulated 
pump  on  the  parametric  instability. 

(a)  Narrowband  threshold  power  as 
a function  of  pump  frequency. 

(b)  Fourier  spectrum  of  sinusoidally 
phase  modulated  pump  with  center 
frequency  coincident  with  threshold 
minimum,  (c)  Modulation  sideband 
coincident  with  threshold  minimum. 


SINUSOIDAL  PHASE  MODULATION 
INDEX  - 1.4 


the  normalized  threshold  power  as  a function  of  the  modulation  index  x.  The 


power  contained  within  the  fundamental  center  lobe  is  proportional  to  J (x) , 

o 


Therefore,  simple  theory  predicts  that  the  threshold  power  is  proportional 


to  1/Jq  (x): 


P (x)  = J (x)P  (o) 
thres  o thres 


The  solid  line  in  Fig.  10  is  the  theoretical  result  (i.e.,  simply  a plot  of 


J (x)  while  the  points  are  our  experimental  results.  There  are  no  "fitted" 
o 


points.  This  result  was  obtained  theoretically  by  Thomson  and  Karush  . 


We  have  also  examined  the  results  of  sweeping  the  center  frequency  of 


a sine  modulated  pump  through  the  instability  resonance.  In  Fig.  11,  we 


display  the  saturated  amplitude  of  the  ion  fluctuations  as  a function  of 


pump  center  frequency  for  several  power  levels.  Here  the  modulation  frequency 


to  is  comparable  to  the  instabilitv  resonance  width  Y.  The  modulation  index 
m 


is  zero  for  Fig.  11(a),  i.e.,  the  narrow-band  case,  and  increases  in  Figs, 


ll(b-d).  In  Figs.  11(c)  and  11(d)  where  the  modulation  index  is  large,  we 


see  an  apparent  offset  of  the  resonant  frequency  as  the  pump  sidebands  pass 


through  the  instability  resonance. 


We  also  investigated  the  effects  of  finite  bandwidth  on  the  growth  of 


the  instability.  For  the  case  Y » Aw  > y , where  y is  the  instability 

o o 


exponentiation  rate,  we  observed  no  change  in  growth  rate  when  using  either 


coherently  or  incoherently  modulated  pumps.  Figure  12  shows  the  growth  of 


the  ion  decay  waves  for  both  a narrow-band  pump  and  a coherently  modulated 


sine  pump  (a)  - y) . At  the  lower  power  (Fig.  12(a))  finite,  bandwidth  completely 

m 


eliminates  the  instability,  while  at  higher  powers  (Fig.  12(b))  it  slows  the 


growth  rate. 


We  also  examined  the  effects  of  finite  bandwidth  on  the  instability 


spectra.  In  Fig.  13,  the  spectral  pow^r  distribution  in  the  ion  fluctuations 
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Fig.  10  Threshold  power  normalized  to  the  narrowband  threshold  as  a 
function  of  modulation  index  for  a sinusoidally  phase  modulated  pump 


(m  > y) . 
m 


Solid  curve  is  J (x) , 


Fig.  11  Saturated  density-fluctuations 

level  A as  a function  of  pump  power  and 

center  frequency  for  the  sinusoidally 

phase-modulated  pump  (u>  /2r  - 14  MHz  > 

m 

y/2tt)  . The  modulation  index  is  x = 0 
for  (a),  x = 1.1  for  (b)  , x = 1.4  for  (c)  , 
and  x = 2.4  for  (d) . For  x = 1.4  the 
pump  power  is  distributed  approximately 
equally  between  the  center  frequency  and 
the  first  upper  and  lower  modulation 
sidebands,  while  for  x = 2.4  the  power 
at  the  center  frequency  is  approximately 
zero.  Two  values  of  pump  power  are  shown: 
, 2.0  W,  and  , 4.0  W. 


NARROW 


OENSITV 

FLUCTUATIONS 


SINUSOIDAL 


Fig.  12  Parametric  instability  produced  density  fluctuations  for  a 
narrowband  pump  and  a coherently  modulated  sine  pump  (to  = y) . 


nun 


.1 


Fig.  13  Low  frequency  decay  spectrum  for  a narrowband  pump,  a sinusoidally 
phase  modulated  (-y-  - y , x = 1.4)  pump,  and  a noise  phase  modulated  pump 
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Is  shown  for  a narrowband  pump,  a sinusoidally  phase  modulated  - y,  X = 1.4) 
pump,  and  a noise  phase  modulated  pump  (Aw  - y) . At  higher  powers,  the 
modulated  pumps  produce  Instabilities  whose  spectral  structure  is  similar  to 
that  of  the  narrowband  pump  at  lower  power.  Note  in  particular  the  sharp  ion 

n 

mode  (-—  - 400  kHz)  for  the  wide  pump  despite  the  larger  frequency  spread  in 

pump  power  (Aw  >>  ft.).  At  smaller  bandwidths  (Aw,  w « y) , the  phase 
l m 

modulation  produced  no  discernable  effects  on  the  ion  wave  spectra.  Upon 
examination  of  the  high  frequency  decay  waves,  we  did  find  evidence  that 
finite  bandwidth  does  change  the  instability  mechanism.  For  the  case  of 
sinusoidal  phase  modulation  with  w^  < y,  each  of  the  main  spectral  components 
of  the  pump  can  have  decay  sidebands,  indicating  a higher  order  bootstrapping 
process  as  indicated  in  Fig.  14  for  a pump  power  level  near  the  threshold 
value.  At  higher  power  levels  these  multiple  decay  sidebands  become  broad 


and  turbulent  as  shown  in  Fig.  15. 

We  can  briefly  summarize  our  results  obtained  with  this  lower  power 
experiment.  The  ratio  ^ is  the  determining  factor  for  finite  bandwidth 
control.  There  appears  to  be  no  difference  between  the  coherent  and  incoherent 
pump  results  when  Aw  » y. 


IIB.  Parametric  Instability  with  an  Electromagnetic  Pump 

We  wish  now  to  discuss  an  investigation  of  the  effects  of  finite  pump 
bandwidth  on  parametric  instability  using  a distinctively  different  experimental 
arrangement  than  that  described  in  the  previous  section.  The  purpose  of  this 
additional  experiment  was  two- fold.  First,  we  wished  to  determine  if  the 
previously  discussed  finite  bandwidth  effects  were  strongly  dependent  upon 


the  particular  arrangement  employed.  Secondly,  we  wished  to  employ  higher 
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pump  power  levels  so  that  the  effects  of  finite  bandwidth  on  electron  tail 
heating  could  be  studied. 

Figure  16  illustrates  the  apparatus  employed  for  this  experiment.  The 

experiments  were  performed  in  an  unmagnetized,  electrostatically  confined 

filament-discharge  plasma1 3jl>t  0£  100  cm  length  and  35  cm  diameter  with  argon 

fill  pressures  of  0.4  mTorr.  The  discharge  anode  was  pulsed  (V  - 100  V , — 5 msec) 

11  -3 

in  order  to  obtain  a plasma  density  (10  cm  ) corresponding  to  near  critical 
density  for  the  2.5  - 3.5  GHz  microwaves  employed.  The  large  electron— ion 
temperature  ratio  (KT£  - 2 - 3eV,  T&/T^  = 8 - 10)  facilitated  the  excitation 
of  the  parametric  decay  instability.  The  electron  distribution  is  bi-Maxwellian , 
with  approximately  0.5%  of  the  electrons  contained  in  a high  energy  tail 
(KT^  - 20eV)  which  arises  from  the  primary  electrons  associated  with  the  plasma 
product) on.  The  microwave  power  (risefime  < 2 nsec,  duration  < 20  usee. 

P < lkW)  was  introduced  perpendicular  to  the  chamber  axis  by  means  of  a 
gridded  horn.  The  horn  exit  aperture  is  approximately  one  free  space  wave- 
length wide  and  extends  8 cm  into  the  chamber.  At  the  higher  power  level 


(-  1 kW) , the  vacuum  electric  field  is  - 145  V/cm  at  the  horn  opening  which 

-h 

corresponds  to  nQ  = E^  (47rnoKTeo)  - 0.2.  The  plasma  density  as  a function 
of  the  distance  from  the  dielectric  window  located  at  the  narrow  (entrance) 
end  of  the  microwave  horn  is  displayed  in  Fig.  17.  In  addition  to  the  radial 
density  profile  shown  in  Fig.  17,  there  is  a density  variation  along  the 
chamber  axis  resulting  in  a density  gradient  scale  length  of  ~ 30  cm  at  the 
position  of  the  gridded  horn.  Unless  otherwise  stated,  the  results  discussed 


herein  are  restricted  to  those  in  which  the  incident  microwave  electric  field 


was  aligned  parallel  to  the  chamber  axis.  The  mean  density  of  the  pulsed 
plasma  changes  by  less  than  0.1%  over  the  rf  pulse  duration.  The  corresponding 
change  in  plasma  frequency  is  much  less  than  the  observed  instability  resonance 

width. 
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Fig.  15  Same  conditions  as  in  Fig.  14  but  higher  pump  power. 
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Fig.  16  Schematic  of  experimental  apparatus  employed  to  determine  the  effect 

of  finite  pump  bandwidth  on  electron  tail  heating. 
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At  moderate  rf  power  levels  (P  > 7W  and  to  - u ) the  low  frequency 

op 

density  fluctuations  and  high  frequency  electric  field  fluctuations 

characteristic  of  the  parametric  decay  instability  are  observed.  The 

instability  occurs  within  the  uniform  density  region  located  10  to  15  cm  from 

the  input  window  (see  Fig.  17).  The  threshold  power  level  of  =*  7W  results  in 

a vacuum  electric  field  of  - 12  V/cm  at  the  horn  opening  which  corresponds  to 

H = E (Ann  KT  ) - 0,02  or  V /V  , - 0.01.  Swelling  of  the  pump  can  be 

o o e e th 

neglected  since  the  density  gradient  scale  length  is  comparable  to  the  vacuum 
wavelength  of  the  pump.  The  growth  of  the  instability  produced  density 
fluctuations  is  shown  in  Fig.  18  for  a power  level  slightly  above  threshold. 

In  Fig.  19,  it  is  seen  that  finite  bandwidth  again  reduces  the  amplitude  and 
growth  of  the  instability  density  fluctuations.  The  10%  bandwidth  used  in 
this  result  was  obtained  by  random  amplitude  modulation. 

To  detect  changes  in  the  electron  distribution  function,  movable 
multigrid  electrostatic  energy  analyzers  were  employed.  Upon  instability 
onset,  as  detected  by  shielded  Langmuir  probes  of  both  the  double  and  single 
types,  an  increase  in  the  hot  electron  current  to  the  analyzers  is  observed. 

Using  a rotatable  analyzer,  the  energetic  electrons  are  found  to  be  preferentially 
directed  along  the  electric  field  of  the  incident  microwave  radiation. 

Upon  varying  the  frequency  of  the  narrowband  pump  and  observing  the 
instability  produced  hot  electron  flux  ( ( U^ | > 125  eV)  with  the  energy 
analyzers,  we  found  that  the  resonance  width  y for  hot  electron  production 
increases  from  2.4%  of  the  pump  frequency  near  threshold  power  to  5%  at 
higher  powers  (P  - 300W) . These  results  are  presented  in  Fig.  20.  Here  we 
define  y as  the  frequency  FWHM  (at  each  power)  of  the  saturated  hot  electron 
flux  due  to  the  instability.  A simple  extension  of  present  theory3-9  predicts 
that  the  pump  bandwidth  can  have  a significant  effect  on  hot  electron  production 
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Fig.  17  Plasma  density  as  a 
function  of  distance  from  the 
dielectric  window  located  at 
the  narrow  (entrance)  end  of 
the  microwave  horn. 
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Fig.  18.  Temporal  evoluation  of  density 
fluctuations  produced  by  a narrowband 
pump . 
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Fig.  19  Comparison  of  density 
fluctuations  produced  by  a narrowband 


pump  (a)  and  a noise  amplitude 
modulated  (—  = 10%)  pump  (b) . 
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when  Aoj  > y.  This  effect  was  investigated  in  the  present  experiment  using 

A(a) 

both  noise  phase  modulated  pumps  with  bandwidths  — variable  up  to  1.2%  and 

o 

noise  amplitude  modulated  pumps  with  bandwidths  up  to  23%.  In  both  cases  the 

noise  employed  is  Gaussian  white  noise  of  adjustable  amplitude  and  bandwidth. 

Figure  21  displays  spectrum  analyzer  traces  of  noise  amplitude  modulated 

pumps  of  40  MHz  bandwidth  (—  = 1.3%)  and  300  MHz  bandwidth  - 10%). 

u)  u ) 

o o 

Both  pumps  have  a continuous  spectral  power  distribution  which  is  nearly 

constant  (±  3dB)  over  the  indicated  bandwidth.  The  temporal  evolution  of 

the  pulsed  power  of  a narrowband  pump,  a noise  phase  modulated  pump  and  a 

noise  amplitude  modulated  pump  are  shown  in  Fig.  22. 

Figure  23  shows  the  growth  of  the  hot  electron  current  to  an  energy 

analyzer  for  random  amplitude  modulated  pumps  with  the  same  average  power 

(P  = 7 P ) , but  with  different  bandwidths  (0  < — < 10%).  In  each  case  the 
th  u)  ~ 

(J 

pump  center  frequency  was  adjusted  to  coincide  with  minimum  threshold  for  the 
narrowband  pump.  The  reduction  in  hot  electron  production  with  increasing 
bandwidth  are  obvious. 

In  Fig.  24,  the  saturated  level  of  parametric  instability  produced  hot 

electron  current  is  plotted  as  a function  of  pump  bandwidth  at  several  pump 

powers.  The  ambient  current  to  the  analyzer  due  to  the  aforementioned  tail 

is  not  included  here.  In  all  cases,  the  pump  center  frequency  was  adjusted 

to  coincide  with  that  of  minimum  threshold  for  the  narrowband  pump.  Note 

that  at  the  lower  power  levels,  where  the  instability  resonance  width  y is 
2iry 

relatively  narrow  ( L = 2.4%),  the  wideband  pumps  effectively  eliminate 

u) 

o 

the  hot  electron  current.  At  much  higher  power  levels  (P  >>  P^) , there  is 

some  reduction  in  hot  electron  current  over  the  narrowband  pump,  but  no 

elimination  up  to  the  maximum  bandwidths  employed  (-—  ~ 23%).  The.  slight 

o 

increase  in  hot  electron  current  shown  in  Fig.  24  for  the  higher  powers  and 
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Fig.  20  Hot  electron  current  { ! U j > 12 U eV)  as  a function  of  the  narrowband 

e 

pump  center  frequency:  (□)  43W,  (A)  85  W,  (Q)  170  W and  (O)  340  W. 
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Fig.  21  Typical  random  amplitude  modulated  noise  pumps.  Pump  center 
frequencies  were  - 3GHz. 


Fig.  22  Temporal  evolution  of  the  pulsed  power  of  a narrowband  pump  (a) , 
a noise  phase  modulated  pump  (b)  and  a noise  amplitude  modulated  pump  (c). 
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moderate  bandwidth  pumps  ( — ~ 1%)  may  bn  due  to  the  slight  shift  in  the 

to 

o 

instability  resonance  center  which  is  observed  to  occur  at  high  power  (see 

Fig.  20).  For  the  available  bandwidths,  little  difference  was  observed  in 

the  saturated  hot  electron  current  due  to  either  phase  or  amplitude  modulated 

?ir 

pumps  of  equal  average  power  as  long  as  Aw  » — , where  T is  the  growth 

£ 

time  for  instability  saturation.  When  the  pump  bandwidth  is  reduced 

27T 

(Aw  < — < y) > the  phase  modulated  pumps  yield  hot  eleerron  currents 
g 


indistinguishable  from  the  narrow  pump,  while  the  amplitude  modulated  pumps 

produce  an  appropriately  amplitude  modulated  hot  electron  current. 

The  saturated  hot  electron  flux  is  shown  in  Fig.  25  for  both  the 

narrowband  and  300  MHz  (—  = 10%)  noise  amplitude  modulated  pumps  as  a 

o 

function  of  pump  center  frequency  for  several  power  levels.  Near  .the 
instability  resonance  center  frequency,  the  finite  bandwidth  pump  is  observed 
to  reduce  or  even  eliminate  the  analyzer  hot  electron  current.  However,  at 
high  power,  the  effective  instability  resonance  width  is  seen  to  increase 
for  the  noise  pump.  In  the  case  of  the  broadband  pump,  hot  electrons  are 
detected  at  pump  center  frequencies  where  none  are  observed  with  the  narrow’ 

pump.  This  phenomenon  may  partially  explain  the  increase  in  the  instability 

1 1 


amplitude  observed  by  Yamanaka  et  al  in  a finite  bandwidth  laser  heating 
experiment . 

The  effect  of  finite  bandwidth  on  the  instability  produced  hot 
electron  distribution  function  was  investigated.  For  our  plasma,  the  higher 
power  narrowband  pumps  heat  a fraction  (<  10%)  of  the  electrons  in  the  20eV 
tail  of  the  initial  electron  distribution  function  to  a higher  temperature 
( ~ 30cV)  Maxwellian  velocity  distribution.  Reductions  in  power  mainly 
reduced  the  number  of  heated  electrons,  with  only  small  changes  in  the  final 
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Fig.  24  Saturated  level  of  hot  electron  current  as  a function  of  pump 
bandwidth:  (0)  noise  phase  modulation,  (O)  noise  amplitude  modulation. 
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Fig.  25  Saturated  level  of  hot  electron  current  for  a narrowband  (O)  Pl|mp 

and  a 300  MHz  (“  = 10%)  noise  amplitude  modulated  pump  (o  ) ns  a function  of 
* (a'O 

pump  center  frequenc  : (a)  340  W,  (b)  170  W,  (c)  85  W,  and  (d)  43  W. 
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tail  temperature.  Similarly,  we  found  that  the  finite  bandwidth  pumps  simply 
decreased  the  maximum  number  of  heated  electrons,  without  changing  the 
temperature  of  the  heated  electrons.  The  relatively  small  percentage  of 
heated  electrons,  (<  .1%  of  the  total),  may  reflect  the  small  size  of  the 
instability  region  in  comparison  to  the  hot  electron  mean  free  paths. 

Figure  26  displays  the  time  evolution  of  the  hot  electron  current 
detected  by  an  energy  analyzer  for  both  the  narrow  and  noise  modulated 
(^  - 10%)  pumps  at  several  power  levels.  In  each  case,  the  pump  center 
frequency  coincided  with  that  of  minimum  threshold  for  the  narrowband  pump. 

At  low  power  levels  (P  < 21W  - 3 P^) , there  were  no  detectable  hot  electrons 
for  the  wideband  pump,  while  electron  tail  heating  was  observed  down  tc.  7 W 
with  the  narrow  pump.  At  higher  powers , (P  > 21W)  hot  electrons  are  produced 
by  both  pumps  and  vc  can  compare  their  respective  rates  for  hot  electron 
production.  The  initial  fast  growth  in  the  hot  electron  current  which 
saturates  and  begins  to  decay  ~ 1 ysec  after  turn-on  for  the  narrow  pump 
(Fig.  26(a))  may  be  due  to  cavitation16  or  resonance  absorption17  arising 
from  the  plasma  density  gradient  along  the  pump  electric  field.  In  the  next 
paragraph,  we  breifly  discuss  the  observed  plasma  density  profile  modifications 
which  one  would  expect  to  occur  with  these  instabilities.  Finite  pump  band- 
width appears  to  drastically  inhibit  this  early,  quickly  saturated  hot 

electron  production.  Nevertheless,  at  the  higher  pump  powers  the  average 
d]h0t 

growth  rate  e for  the  hot  electron  flux  produced  by  the  wideband  pump 
dt 

during  the  first  few  microseconds  is  comparable  to  or  larger  than  that  of 
the  narrow  pump.  However,  the  hot  electron  flux  consistently  saturates  at 
a lower  level  than  for  the  narrow  pump.  When  the  pump  center  frequency  is 
not  adjusLed  to  narrowband  threshold  minimum,  the  wideband  pumps  can  have 


consistently  faster  growth  rates  for  a given  power  than  the  narrowband  pumps. 
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Fig.  26  Time  evolution  of  the  hot 

electron  current  (|u  | > 125  eV) 

e 

for  the  narrow  pump  (a)  and  the 
noise  amplitude  modulated  ( — - 10%) 
pump  (b) . 
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Fig.  27  Electron  density  fluctuations 

produced  by  short,  duration  rf  pulses: 

(a)  and  (b)  narrowband  pump,  (c)  noise 

amplitude  modulated  ( ~ 10/)  pump. 
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similar  to  the  saturation  results  of  Fig.  25. 

We  have  observed  density  cavities  produced  by  short  narrowband  rf 
pulses,  similar  to  those  observed  by  Kim  et  al.16  T.n  Fig.  27(a),  we  show  the 
electron  density  perturbation,  as  detected  by  a Langmuir  probe  biased  to 
electron  saturation,  which  occurred  upon  irradiating  the  plasma  with  a 150 
nsec  narrowband  rf  pulse  at  high  power.  Note  that  the  density  disturbance 
continues  long  after  the  rf  pulse  is  turned  off.  Similar  density  perturbations, 
but  with  reduced  amplitude,  were  observed  for  rf  pulses  as  short  as  AO  nsec. 
Figure  27(b)  shows  the  result  of  employing  a longer  narrowband  pulse  with 
the  same  power  as  in  Fig.  27(a).  Figure  27(c)  shows  the  reduced  density 
perturbation  produced  by  the  300  MHz  bandwidth  noise  pump  with  the  same 
average  power,  pulse  duration,  and  center  frequency  as  the  narrowband 
pump  in  Fig.  27(b).  Coincident  with  the  foxmaLiou  of  these  density  cavities, 
bursts  of  hot  electrons  were  observed  to  occur  along  the  pump  field.  The 
hot  electron  flux  produced  by  an  80  nsec  duration  narrowband  rf  pulse  is 
shown  in  Fig.  28(a).  The  peak  of  the  hot  electron  current,  after  accounting 
for  instrumental  delays,  occurred  60  nsec  after  termination  of  the  rf  heating 
pulse.  This  period  is  long  compared  with  the  hot  electron  ( | | > 120cV) 
transit  time  to  the  analyzer  ( - 20  nsec).  This  delay  is  consistent  with  the 
occurrence  of  cavitation  which  loads  to  the  persistence  (trapping)  of  the  rf 
fields.  We  have  obtained  similar  results  with  pulse  durations  as  short  as 
A0  nsec;  the  peak  electron  current  decreasing  for  pulses  durations  < 150  nsec.. 
Figure  28(b)  shows  the  results  using  a random  amplitude  modulated  pump 

- 10%)  with  the  same  average  power,  pulse  duration  and  center  frequency 
o 

as  the  narrowband  pump  used  in  Fig.  28(a).  Both  the  bursts  of  hot  electrons 
and  the  density  cavities  are  found  to  be  inhibited  by  finite  pump  bandwidth. 
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Fig.  28  Field  aligned  hot  electron  current  C [ [ > 125  eV)  associated  with 
short  duration  rf  pulses:  (a)  narrowband  pump,  (c)  noise  amplitude 

modulated  (~  - 10%)  pump. 
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Fig.  29  Diagram  of  experiment  to  detect  SBS  in  an  underdense  plasma 
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In  conclusion,  we  find  that  finite  pump  bandwidth  can  signif icantly 
increase  the  minimum  threshold  and  reduce  the.  saturation  level  of  parametric 
instability  decay  waves  and  the  associated  suprathermal  electrons.  It  also 
can  apparently  control  the  hot  electron  . reduction  due  to  cavitation.  The 
fact  that  finite  bandwidth  did  not  produce  a marked  decrease  in  heating  rates 
for  nonthermal  electrons  on  all  timescales  is  somewhat  surprising  in  view 
of  present  theory. 
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III.  QO  Laser  Experiments  on  Backscattering  in  Underdense  Plasmas 

Of  great  concern  to  proponents  of  laser-pellet  fusion  are  instabilities 
which  may  occur  in  the  outer  underdense  regions  of  the  pellet  causing 
reflection  of  incident  laser  energy.  One  such  parametric  instability  is 
stimulated  Brillouin  scattering  (SBS)  in  which  the  impinging  electromagnetic 
wave  drives  an  electrostatic  ion  wave  unstable  and  Thomson  scatters  from  it 
primarily  in  the  backward  direction.  Extensive  theoretical  work  in  the  lit- 
erature gives  the  dependence  of  the  threshold  on  plasma  inhomogeneity  length 
and  finite  interaction  length^ 8' 19 ’ 20 ’ 2 1 . Reflections  observed  from  solid 

target  experiments  are  not  inconsistent  with  SBS,  though  a definite  identification 
of  the  instability  is  complicated  by  plasma  formation  and  expansion  and  by 
other  reflective  instabilities  which  occur  at  the  quarter-critical  and  critical 
density  surfaces. 

At  the  UCLA  Plasma  Engineering  Laboratory,  an  experiment  was  conducted 
to  test  the  finite-length  linear  SBS  theory  in  a plasma  which  was  everywhere 
underdense.  The  experimental  appartus  is  shown  schematically  in  Fig.  29. 

The  plasma  was  produced  by  a 30-kA  discharge  between  hollow  elcctiodes  1.9  cm 
i.d.  and  10  cm  apart  with  or  without  a 4 kG  axial  magnetic  field.  Typical 
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Fig.  30  Backscatter  signals:  (a)  10.6  ym  stray  light  (plasma  off); 

(b)  typical  backscatter  plus  stray  light  (plasma  on);  (c)  same; 

(d)  top  trace:  same  pulse  as  (c)  on  2-beam  scope;  bottom  trace: 

6632  A forbidden  line  signal  (inverted).  Sweep:  200  ns/div. 


Fig.  31  Schematic  of  forbidden  line  diagnostic 
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low  lon-wave  frequency  by  the  time-dependent  Stark  effect.  A normally  for- 
3*P  - 2^P  transition  in  Hel  (see  Fig.  31)  is  induced  by  this  field  and  the 

O 

ratio  of  the  signal  from  that  line  (6632  A)  to  the  emission  at  the  associated 

11  o 

allowed  3 D - 2 P line  (6678  A)  is  an  increasing  function  of  the  ion-wave 

field.  Figure  30(d)  shows  a backscattered  signal  (upper  trace)  and 

forbidden  line  signal,  and  time  correlation  of  the  latter  with  the  former 

is  observed.  Though  not  shown  in  this  photograph,  the  second  spectroscopic 

channel  may  monitor  the  continuum  or  allowed  line  to  guarantee  that  the 

enhanced  emission  is  indeed  due  to  the  forbidden  transition. 

Shot-to-shot  frequency  scans  of  the  backscattered  radiation  have  been 

made  in  plasmas  of  He,  A,  and  R and  may  be  seen  in  Fig.  32.  Zeff  may  be 

inferred  from  spectroscopically  determined  densities  to  be  1,  2,  and  8 for 

for  1I0,  He,  and  A respectively;  y = 1 and  y^  = 3 from  physical  arguments; 

T^/T^  from  computer  simulation  of  our  plasma  to  be  ~ 2.5,  3,  and  7 for  the 

three  gases  respectively.  Hence,  one  may  assign  electron  temperatures  to 

the  observed  red  shifts  of  the  scattered  light  if  the  shift  is  due  to 

acoustic  waves:  T = 45,  55,  130  eV  for  H„,  He,  and  A respectively, 

e l 

As  diagnostics  of  the  laser-altered  plasma  were  not  sufficient  to  pin 
down  the  temperatures  in  the  focus  and  show  agreement  with  these  red  shifts 
in  the  scattered  light,  a computer  code  was  developed  on  the  UCLA  campus 
Computing  Network's  IBM  System/360-91  to  calculate  the  time  evolution  of 
plasma  parameters.  Included  in  the  model  were:  1)  inverse  Bremsstrahlung 

heating  of  the  electrons  by  the  laser;  2)  collisional  energy  transfer  between 
electrons  and  ions;  3)  electron  and  ion  heat  conduction;  4)  hydrodynamic 
expansion  of  the  heated  plasma  into  the  regions  of  cold  background  plasma; 

5)  ionization  and  recombination  between  ion  species  up  to  7.  = 8 for  A;  and 
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Fig.  32  Intensity  of  backscattered  light  vs.  redshift.  Bars  indicate  probably 
error  of  mean  of  several  shots.  Curves  are  scans  of  stray  light  and  indicate 
finesse  and  free  spectral  range  of  interferometer. 
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Fig.  33  Temperoal  evolution  of  plasma  parameters  obtained  from  computer 


simulation. 
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6)  modification  of  collisional  transport  processes  to  include  contributions 
from  multiple  ion  speci'3  including  neutrals.  Results  of  the  calculation 
were  found  to  be  in  agreement  with  other  codes  in  the  literature  when  the 
processes  included  were  the  same,  though  none  of  those  included  all  processes 
listed  above.  The  temporal  evolution  of  T^,  Tg,  ng  and  the  laser  intensity 
obtained  from  the  computer  simulation  is  shjwn  in  Fig.  33  for  each  of  the 
three  gases.  As  suspected  from  experimental  observations,  the  ode  predicted 
a short  period  of  modest  heating  followed  by  avalanche  ionization  and 
stronger  heating  with  peak  electron  temperature  occuring  shortly  after  peak 
laser  intensity  at  the  optimal  time  for  backscattering.  As  indicated  in 
Fig.  34  the  absolute  values  of  the  peak  electron  temperature  were  lower 
than  those  implied  by  the  scattering  spectra,  though  the  variation  with 
filling  gas  is  similar. 

Finally,  we  can  compare  the  absolute  magnitude  of  the  threshold  in 

the  theory.  From  the  intensity  of  backscattered  light  (about  50  W) , one  can 

infer  that  the  excited  ion  waves  have  amplitudes  about  9 or  10  e-foldings 

above  the  thermal  level.  The  finite-interaction-length  theory  predicts  the 

laser  intensity  necessary  to  achieve  a given  number  of  e-foldings.  This 

intensity  depends  on  the  ion  Landau  damping  rate  and  is  shown  in  Fig.  35  as 

a function  of  T^  (actually,  T /T^) , for  various  densities.  Since  the  density 

17  -3 

at  the  focal  spot  after  ionization  by  the  beam  is  measured  to  be  about  10  cm  , 
it  is  seen  that  even  our  peak  intensity  is  below  threshold  i f no  electron 
heating  takes  place.  However,  when  the  electrons  are  heated  to  the  temperatures 
measured  and  calculated,  the  T /T  ratio  increases,  and  the  threshold  drops 


1 


so  that  backscattering  can  occur  even  in  the  tail  of  the  pulse,  as  we  observe. 
This  threshold  intensity  is  much  higher  than  that  for  homogeneous  plasmas  or 
for  inhomogeneous  plasmas  with  long  temperature  scale  lengths  (as  in  our  case) 
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Fig.  34  Electron  temperature  as  a function 
of  ion  mass. 


Fig.  35  Theoretical  threshold 
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and  therefore  gives  credence  to  the  basic  correctness  of  the  finite-length 
corrective  threshold.  Although  SBS  has  been  seen  also  in  other  experiments, 
this  is  the  only  one  in  which  the  results  are  consistent  with  excitation 
starting  from  the  thermal  fluctuation  level. 
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